Abstract. Particulate matter 2.5 (PM 2.5 ) is a significant risk factor for asthma. A recent study revealed that autophagy was associated with asthma pathogenesis. However, the specific mechanisms underlying PM 2.5 -induced autophagy in asthma have remained elusive. In the present study, PM 2.5 -induced autophagy was evaluated in Beas-2B human bronchial epithelial cells and the potential molecular mechanisms were investigated. Using electron microscopy, immunofluorescence staining and immunoblot studies, it was confirmed that PM 2.5 induced autophagy in Beas-2B cells as a result of PM 2.5 -mediated inhibition of the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway in Beas-2B cells. LY294002, a PI3K inhibitor, reduced the accumulation of microtubule-associated protein 1 light chain 3 II and attenuated the effect of PM 2.5 . Phosphorylated (p-)p38, p-extracellular signal-regulated kinase and p-c-Jun N-terminal kinase were dephosphorylated following exposure to PM 2.5 . The roles of p53, reactive oxygen species scavenger tetramethylthiourea and autophagy inhibitor 3-methyladenine in PM 2.5 -induced autophagy in Beas-2B cells were also investigated. The results suggested that the PI3K/Akt/mTOR signaling pathway may be a key contributor to PM 2.5 -induced autophagy in Beas-2B cells. The results of the present study therefore provided an a insight into potential future clinical applications targeting these signaling pathways, for the prevention and/or treatment of PM 2.5 -induced lung diseases.
Introduction
Acute and chronic exposure to particulate matter (PM), particularly fine particles with aerodynamic diameters of ≤2.5 µm PM 2.5 , has been shown to increase the number of hospital admissions for respiratory causes amongst the general population (1) . Evidence obtained from environmental and epidemiological studies has revealed a marked association between fine particulate air pollution and multiple health issues, including respiratory illnesses (for example, respiratory track inflammation, asthma, acute bronchitis and lung cancer) as well as cardiovascular disease mortality (2) (3) (4) .
Increasing evidence supporting a link between traffic-associated air pollution and the incidence of childhood asthma has emerged; however, published estimates highlight the variability observed between populations (5, 6) . Asthma is a common worldwide respiratory symptom complex, frequently involving airway inflammation, which results in clinically significant physiological airway dysfunction. Asthma pathogenesis is complex, and multiple factors have roles in the development of the disease (7) .
Autophagy describes an evolutionarily conserved and tightly regulated lysosomal pathway, responsible for the degradation of macromolecules, including proteins, glycogen, lipids, nucleotides and organelles, via several complex pathways (8 Recently, this process has been demonstrated to be involved in numerous biological processes, including host defense, cell survival and cell death. The detection of autophagosomes in fibroblasts and epithelial cells in tissues from patients with asthma has revealed a potential link between autophagy and asthma pathogenesis (9) . Numerous stress signals are able to induce autophagy, including p53, phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) and adenosine monophosphate-activated protein kinase (AMPK) (10, 11) . The PI3K/Akt/mTOR signaling pathway is required for the regulation of autophagic flux. The mitogen activated protein kinase (MAPK) pathway mediates the transmission of signals between receptors and the nucleus via multiple intermediate proteins, including Ras, Raf, extracellular signal-regulated kinase (ERK) and MAPK/ERK (MEK). Akhtar et al (12) reported that the induction of autophagy via pathways involving ERK1/2, p38 MAPK and Akt enhanced cardiac cell survival following ischemia-reperfusion injury. A previous study by our group revealed that p53 mediated PM-induced alveolar epithelial cell mitochondria-regulated apoptosis (13) . It was also confirmed that the Akt/mTOR and c-Jun N-terminal kinase (JNK) signaling pathways were involved in chrysotile asbestos-induced autophagy in human lung epithelial cells (A549) (14) . In the present study, the effect of PM 2.5 on the induction of autophagy in vitro and the potential underlying mechanisms were evaluated. 2.5 sampling and composition. The PM 2.5 used in the present study was obtained from Zhanjiang, China. The PM 2.5 was collected using the QJS-100 multi-level flow particulate matter cutter (Jinzhoulicheng, Jinzhou, China), at a constant aspiration flow rate (100 l/min) over a period of 48 h. The sample containing the PM 2.5 fiber was placed in ultrapure water and subjected to ultrasonic oscillations (Xingzhi Biotechnology Co., Ltd., Ningbo, China) for 15 min to elude the particulate matter, vacuum-freeze dried (Xingzhi Biotechnology Co., Ltd.,) for 24 h and formulated into a stock solution by the addition of phosphate-buffered saline (PBS), followed by autoclaving. The PM 2.5 suspensions were vortexed and stored at 4˚C. PM 2.5 filter samples were analyzed according to a previous study (15) , the results of which are exhibited in Table I .
Materials and methods

PM
Reagents and antibodies. Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin and fetal bovine serum (FBS) were purchased from Gibco-BRL Life Technologies (Gaithersburg, MD, USA). Rapamycin, dimethyl sulfoxide (DMSO) and trypsin-EDTA were obtained from Sigma-Aldrich (St. Louis, MO, USA). Rapamycin was dissolved in DMSO and the final concentration of DMSO in the culture medium did not exceed 0.2%. The primary antibodies used in western blotting and immunofluorescent analysis are exhibited in Cell culture and treatments. Beas-2B human bronchial epithelial cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Beas-2B cells were cultured in DMEM supplemented with 10% heat-inactivated FBS, penicillin (50 U/ml) and streptomycin (50 U/ml). The cells were incubated at 37˚C with humidified 5% CO 2 . Cells were seeded at a concentration of 1.5x10 5 cells/well in six-well plates. Following 24 h of culture, cells were treated with PM 2.5 and rapamycin at concentrations of 100 µg/ml in 10% FBS supplemented medium for the indicated time-periods. For the analysis of PI3K and MAPK signaling pathway inhibition, Beas-2B cells were pre-treated with inhibitors 3-MA (Sigma-Aldrich; 10 mM), LY294002 (Merck Millipore; 10 nM), U0126 (Merck Millipore; 5 µM), SP600125 (Merck Millipore; 50 µM) and SB203580 (Merck Millipore; 10 µM) for 2 h at 37˚C, prior to treatment with 100 µg/ml PM 2.5 for 24 h at 37˚C in the presence of the inhibitors. The inhibitors were dissolved in DMSO and the final DMSO concentration in the culture medium was ≤0.2%.
Transmission electron microscopy (TEM).
The Beas-2B cells were cultured on plates and treated with PM 2.5 for 24 h prior to fixing with 3% glutaraldehyde and 2% paraformaldehyde (PFA) in 0.1 mol/l cacodylate buffer (pH 7.3) for 1 h. Following fixation, the samples were postfixed in 1% OsO 4 in identical buffer for 1 h, serially dehydrated with ethanol and embedded in epoxy resin. Subsequently, sections (70 nm) were cut on a Leica Ultra-CUT (Ultra-Microtome; Leica Microsystems GmbH, Wetzlar, Germany) and contrasted with 0.1% lead citrate and 8% uranyl acetate in 50% ethanol. Subsequently, the ultrathin sections were evaluated under a transmission electron microscope (JEM-1400; JEOL Ltd., Tokyo, Japan) operated at 120 kV, and images were captured using a Megaview III CCD camera (Soft Imaging System, Lakewood, CO, USA).
Western blot analysis. Cells were washed twice in PBS and protein extracts were obtained by solubilizing the cells in SDS sample buffer supplemented with protease inhibitors. Soluble proteins were isolated from the untreated or treated Beas-2B cells for western blot analysis as described previously (16) . Equal amounts of protein (20 µg) from each sample were separated by electrophoresis on 10% SDS-PAGE, transferred to polyvinylidene difluoride membranes (Merck Millipore KGaA) and blocked with 5% nonfat dry milk in 1X TBS plus 0.1% Tween 20 at room temperature for 1 h. The membranes were subsequently incubated with primary antibodies diluted in 5% nonfat dry milk in 1X TBS plus 0.1% Tween 20 overnight at 4˚C. The primary antibody against actin (diluted 1:500) was purchased from Santa Cruz Biotechnology, Inc. (Danvers, MA, USA). Following incubation with primary antibodies (Table II) , the membranes were washed and incubated with horseradish peroxidase-conjugated anti-mouse (sc-2025) or anti-rabbit (sc-2027) secondary antibodies for 1 h at room temperature. The bound antibodies were detected using an Enhanced Chemiluminescence Western Blotting system (Amersham Biosciences Corp., Piscataway, NJ, USA).
Immunofluorescent microscopy of cells exhibiting LC3-positive
vesicles. For indirect immunofluorescent staining, cells were fixed with 4% PFA for 20 min, incubated with blocking buffer (comprised of 3% bovine serum albumin and 0.01% saponin) for 45 min. In order to analyze the autophagic flux, Beas-2B cells were transfected with mCherry-eGFP-LC3-expressing plasmids. The cells were pooled and seeded in chamber slides at a density of 2x10 4 . The level of autophagic flux was determined via examination of the punctate pattern of eGFP and mCherry expression by counting the puncta per cell. Fluorescent images were captured with a confocal microscope (TCS SP5 II; Leica Microsystems GmbH) and analyzed using Cell M software (TCS SP5 II).
Flow cytometric analysis of apoptosis. Apoptosis analysis was performed using flow cytometry with propidium iodide (PI) staining. Cells were seeded at a density of 5x10 5 cells/well in six-well plates and following 24 h of culture, were treated with 100 µg/ml PM 2.5 for a further 24 h at 37˚C. Following PM 2.5 exposure, cells were harvested and subjected to centrifugation at 400 x g for 5 min at 4˚C. The cells were fixed by incubation with cold 75% ethanol for 24 h and subsequently stained with PI solution, which was comprised of 45 mg/ml PI, 10 mg/ml RNase A and 0.1% Triton X-100. Following incubation at 4˚C for 1 h in the dark, the fluorescence-activated cells were evaluated using a FACScan flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Statistical analysis.
Values are presented as the mean ± standard deviation. Statistical differences among experimental groups were evaluated using one-way analysis of variance with repeated measures. P<0.05 was considered to indicate a statistically significant difference between values. The statistical analysis software package SPSS 11.0 for Windows (SPSS Inc., Chicago, IL, USA) was used to conduct the statistical analyses.
Results
PM 2. 5 induces the expression of morphological and biochemical markers of autophagy in Beas-2B cells.
Treatment of human Beas-2B cells with PM 2.5 , induced the expression of morphological and biochemical markers of autophagy. Initially, the effects of PM 2.5 were analyzed by incubating Beas-2B cells with three concentrations of PM 2.5 (25, 50 and 100 µg/ml), or with PBS as the negative control for 24 h (Fig. 1A) . Exposure to PM 2.5 for 24 h resulted in an up to two-fold, dose-dependent increase in LC3I to LC3II processing, with an apparent maximum at 50 µg/ml. Exposure of Beas-2B cells to 100 µg/ml PM 2.5 for 12, 24 or 48 h induced a time-dependent increase in LC3I to LC3II processing, which commenced at 12 h and continued to increase up until 24 h of exposure. Whether there was efficient autophagic flux upon exposure to PM 2.5 was subsequently examined. Beas-2B cells were transfected with the tandem-tagged, fluorescent reporter plasmid mCherry-eGFP-LC3II (Fig. 1B ). An increase in autophagic flux is indicated by enhanced expression of yellow and red puncta within the cells, whereas blocking of autophagic flux is indicated by an increase in yellow puncta, without an accompanying increase in the number of red puncta in the cells (17). PM 2.5 treatment of Beas-2B cells revealed significant accumulation of yellow and red foci, indicative of an enhanced population of immature autophagosomes. These data suggested that PM 2.5 induced autophagy and enhanced autophagic flux in Beas-2B cells.
Morphological indices of autophagy were also evaluated in PM 2.5 -treated Beas-2B cells. Exposure to PM 2.5 for 24 h resulted in an increase in the formation of immature and degradative autophagic vesicles in Beas-2B cells, as detected by electron microscopy (Fig. 1C) . Quantification of electron micrographs revealed an approximately three-fold increase in the number of autophagy-positive cells in PM 2.5 -exposed The AMPK signaling pathway is activated, but not required, for PM 2.5 -induced autophagy. Previous studies have demonstrated that AMPK functions as an upstream kinase for mTOR, and that AMPK activation downregulates mTOR signaling (18) . It was therefore hypothesized that AMPK activation may provide the upstream kinase involved in autophagy activation. In order to investigate the effect of the AMPK signaling pathway, the expression and phosphorylation of AMPK (phosphorylation sites at Thr-172) was examined in Beas-2B cells. As shown in Fig. 2 , PM 2.5 enhanced the phosphorylation of AMPK following 24 h of incubation. Immunoblot analysis revealed that this enhanced phosphorylation did not occur in tandem with an increase in total AMPK expression ( Fig. 2A) . Dorsomorphin, a specific AMPK inhibitor, was used to block AMPK phosphorylation. Western blot analysis demonstrated that dorsomorphin effectively blocked AMPK activation in Beas-2B cells; however, PM 2.5 -induced autophagy was not significantly decreased by dorsomorphin treatment as revealed by LC3II expression analysis (Fig. 2) . These results indicated that AMPK is activated by PM 2.5 exposure for 24 h; however, this activation is not required for PM 2.5 -induced autophagy.
The Akt/mTOR signaling pathway is involved in PM 2.5 -induced autophagy. The PI3K/Akt/Raptor-mTOR (mTORC1) signaling pathway is a well characterized signaling cascade, which is involved in the regulation of autophagy (19, 20) . The Akt/mTOR signaling pathway in particular has a significant role in the regulation of autophagy (21, 22) . For these reasons, whether PM 2.5 regulated autophagy via activation of Akt/mTOR signaling was evaluated. The phosphorylation levels of Akt and mTOR were examined by western blotting. Significant dephosphorylation of Akt and mTOR were detected following PM 2.5 treatment for 12, 24 and 48 h, (Fig. 3A-C; n=3) with the peak effect occurring following 48 h of exposure. These results indicated that PM 2.5 -induced Akt activation may be one of the signaling pathways, which contribute to the progression of autophagy.
The ERK1/2, but not the JNK or p38 MAPK, pathway is involved in PM 2. 5 -induced autophagy in Beas-2B cells.
MAPKs, including p38, JNK, and ERK have key roles in the mediation of autophagy involved in cell death or survival (23) . To explore whether MAPK signaling pathways were involved in PM 2.5 -induced autophagy, the phosphorylation of ERK1/2, JNK and p38 MAPK with LC3 expression and the accumulation of its active form (LC3II) were evaluated following exposure of Beas-2B cells to 100 µg/ml PM 2.5 for 12, 24 and 48 h. As shown in Fig. 4A , PM 2.5 rapidly and markedly increased ERK phosphorylation following 12 and 24 h of exposure, though little effect was observed following 48 h of exposure. To evaluate the involvement of ERK activation in the modulation of PM 2.5 -induced autophagy, cells were pre-treated with ERK inhibitor U0126 and the levels of ERK and p-ERK were examined by western blot analysis following PM 2.5 exposure. As shown in Fig. 4B , the phosphorylation of ERK was markedly decreased; however the expression of LC3II was not significantly altered following U0126 administration with PM 2.5 compared with PM 2.5 exposure only.
JNK and p38-MAPK protein expression levels were also evaluated by western blotting to determine whether they were involved in PM 2.5 -induced autophagy. It was demonstrated that the phosphorylation of JNK was increased 12 h after PM 2.5 treatment (Fig. 4C) . To confirm the underlying mechanism of the JNK and p38 MAPK signaling pathway involvement in PM 2.5 -induced autophagy, JNK inhibitor (SP600125) and p38 inhibitor (SB203580) were applied, following 24 h exposure of Beas-2B cells to 100 µg/ml PM 2.5 . With regard to p38 (Fig. 4D) , pre-treatment with SB203580 decreased the phosphorylation level of p38 and elevated LC3II expression. As shown in Fig. 4E , an increase in the conversion of LC3I to LC3II was still observed after pretreatment with a JNK inhibitor. These data suggested that with continuous exposure of Beas-2B cells to PM 2.5 , p-ERK negatively regulated PM 2.5 -induced autophagy; whereas, p-JNK and p38 (of the MAPK signaling pathway) did not have a significant effect on PM 2.5 -induced autophagy in Beas-2B cells.
Expression of p53 in PM 2.5 -induced autophagy. To observe whether PM 2.5 enhanced the expression and phosphorylation of p53, immunoblot analysis of Beas-2B cells following exposure to PM 2.5 was performed. The total protein expression and phosphorylation of p53 were not significantly altered following PM 2.5 exposure (Fig. 5A) . To assess the function of p53, p53 activity was blocked with the p53 inhibitor, PFT-α, in Beas-2B cells treated for 24 h with or without PM 2.5 . Western blot analysis revealed that LC3 protein expression was not markedly altered by PM 2.5 exposure with or without PFT-α Cells were treated with 100 µg/ml PM 2.5 for 24 h, following 2 h pre-treatment with the AMPK inhibitor DM (40 µm/l). Dimethyl sulfoxide was tested as a control. PM 2.5 enhanced AMPK phosphorylation in Beas-2B cells; however, blocking AMPK activation did not significantly influence PM 2.5 -mediated autophagy. * P<0.05, vs. control. DM, dorsomorphin; PM 2.5 , particle matter 2.5; AMPK, adenosine monophosphate-activated protein kinase; p-, phosphorylated; LC3II, microtubule-associated protein 1 light chain 3 II.
A B (Fig. 5A ). These data indicated that PM 2.5 -induced autophagy was p53-independant.
PM 2.5 -induced Beas-2B cell autophagy is dependent on reactive oxygen species (ROS) production.
In order to determine whether ROS generation was involved in the PM 2.5 -induced autophagy signaling pathway in Beas-2B cells, LC3II expression was evaluated by western blot analysis in non-treated cells and in cells pre-incubated with or without TMTU for 1 h, followed by treatment with 100 µg/ml PM 2.5 for 24 h. The activation of LC3II by PM 2.5 was diminished by pre-treatment with TMTU (Fig. 5B) . These data suggested that PM 2.5 -induced intracellular autophagy in Beas-2B cells was dependent on ROS.
Suppression of autophagy enhances cytoxicit y of PM 2.5 -induced apoptosis in Beas-2B cells. In order to investigate whether PM 2.5 -induced autophagy was involved in apoptosis, PI staining for apoptosis analysis was performed. Beas-2B cells were analyzed following treatment with or without autophagy inhibitor 3-MA for 1 h, followed by 100 µg/ml PM 2.5 exposure for 24 h. As shown in Fig. 5C , the apoptotic rate of Beas-2B cells in the PM 2.5 -treated group was elevated compared with that of the non-treated group. However, pre-treatment with 3-MA induced an increase in the level of apoptosis (Fig. 5C) . These results suggested that PM 2.5 -induced autophagy had a pro-survival function in Beas-2B cells.
Discussion
Asthma is a chronic inflammatory disease that influences >300 million individuals worldwide, in which the majority of cases are characterized by an allergic response, (24) . A previous study provided evidence demonstrating an association between air pollution and the development of asthma (25) .
Multiple studies, utilizing genetic and histological approaches, have also indicated that autophagy is associated with asthma pathogenesis (9, (26) (27) (28) . The present study aimed to investigate the molecular mechanisms underlying PM 2.5 -induced autophagy at a cellular level.
In the current study, multiple experimental techniques were used to evaluate PM 2.5 -induced autophagy in Beas-2B cells, including fluorescent microscopy, western blot analysis and TEM, which revealed the formation of characteristic autophagosomes following 24 h of treatment with PM 2.5 . It is well known that the Akt-mTOR signaling pathway is a significant negative regulator of autophagy, and in the present study, western blot analyses revealed that PM 2.5 -induced autophagy in Beas-2B cells was mediated by dephosphorylation of Akt/mTOR signaling. Conversely, PM 2.5 induced activation of nutrient sensor AMPK; however, the expression of LC3II was not reduced upon inhibi- tion of AMPK phosphorylation by DM. These results suggested that the AMPK pathway was not involved in PM 2.5 -mediated induction of autophagy in Beas-2B cells.
In the present study, PM 2.5 was demonstrated to induce the expression and activation of autophagic protein LC3II, and to stimulate autophagosome formation, two characteristics of autophagic pathway initiation. Prolonged exposure to PM 2.5 resulted in time-and dose-dependent changes in the extent of LC3I to LC3II conversion. In addition, MAPKs are upstream regulators of mTOR that mediate responses to various extracellular stimuli (29) . All four categories of MAPK (ERK, p38, JNK/stress-activated protein kinases and big MAPK) have previously been reported to regulate autophagy (30) (31) (32) .
Enhanced phosphorylation of the ERK and JNK signaling pathways was also observed following Beas-2B cell exposure to PM 2.5 . Notably, inhibition of ERK activity or expression did not abrogate PM 2.5 -induced autophagy in Beas-2B cells. Furthermore, although the ERK inhibitor effectively blocked the increase in p-ERK associated with PM 2.5 exposure, the expression of LC3II remained unchanged by this inhibition, indicating that the MEK-ERK1/2 pathway was not involved in autophagy induction by PM 2.5 .
Whether the JNK and p38 MAPK signaling pathways were involved in PM 2.5 -induced autophagy in Beas-2B cells was also examined. The phosphorylation of JNK and p38 MAPK was evaluated, but neither was found to be significantly involved in Figure 4 . Role of MAPK signaling pathways in PM 2.5 -induced autophagy (A and C) Western blot assays were used to examine the total and phosphorylated protein levels of ERK, JNK and β-actin. (B) Western blot assays were used to examine the expression of LC3II/LC3I, ERK and p-ERK when ERK inhibitor U0126 (5 µM) was added for 1 h before PM 2.5 treatment. (D) Western blot assays were used to examine the expression of LC3II/LC3I, p38 and p-p38 when p38 inhibitor SB203580 (10 µM) was added for 1 h before PM 2.5 treatment. (E) Western blot assays were used to examine the expression of LC3II/LC3I when JNK inhibitor SP600125 (50 µM) was added for 1 h before PM 2.5 treatment. Values are expressed as the mean ± standard deviation of three independent experiments. In the present study, it was revealed that Akt/mTOR had a negatively regulatory role in PM 2.5 -induced autophagy in Beas-2B cells. However, this autophagy was independent of JNK, concurrent with previous findings (33) (34) (35) , indicating that a different MAPK response to PM 2.5 is dependent on cell-type specification.
Urich et al (36) examined PM 2.5 -induced apoptosis in the alveolar epithelium, and identified that it required transcriptional activation of p53 and its phosphorylation; however, the results of the present study did not indicate that p53 was activated by PM 2.5 in Beas-2B cells. The autophagy induced by PM 2.5 exposure was also demonstrated to be independent of p53. p53 has previously been shown to serve a dual role in the control of autophagy (37, 38) . In addition, it was demonstrated that ROS scavenger TMTU was able to diminish the expression of LC3II protein induced by PM 2.5 , indicating that ROS were involved in PM 2.5 -induced autophagy. Previous studies have demonstrated that apoptosis is implicated in asthma pathogenesis (39, 40) and, in the context of PM 2.5 exposure, it was demonstrated that pre-treatment of Beas-2B cells with 3-MA enhanced PM 2.5 -inducible apoptosis. These results indicated that the autophagy induced by PM 2.5 had a pro-survival function in Beas-2B cells. Together, the results of the present study indicated that multiple autophagy-associated signaling pathways are activated following PM 2.5 exposure, and that alterations in the Akt-mTOR inhibition pathway likely have major roles in the induction of autophagy.
The role of autophagy in the regulation of Beas-2B cell survival and apoptosis is complex. Further studies are required in order to characterize the specific autophagic signaling pathways activated by exposure to PM 2.5 (for example, macroautophagy, microautophagy and chaperone-mediated autophagy) in isolated primary mouse bronchial epithelial cells. Although the evaluation of PM 2.5 -induced autophagy in Beas-2B cells in vitro is not necessarily indicative of the conditions in vivo, particularly in the context of human diseases, it was hypothesized that PM 2.5 -induced autophagy may be a pro-survival response to PM 2.5 exposure. Additional studies are required in order to elucidate the molecular mechanisms underlying PM 2.5 -induced autophagy and apoptosis in the context of health and disease.
In conclusion, the results of the present study indicated that PM 2.5 exposure stimulated autophagy in human bronchial epithelial cells, identified by ultrastructural and biochemical features of autophagy. PM 2.5 -induced autophagy was also demonstrated to be associated with altered signaling via the Akt/mTOR pathway, but was independent of p53. Furthermore, PM 2.5 -induced autophagy was regulated in A B C Figure 5 . PM 2.5 -mediated autophagy is p53-independant. (A) Beas-2B cells were treated with PM 2.5 in the absence or presence of PFT-α for 24 h. LC3 and p-p53/p53 protein expression levels were evaluated by western blot analysis (n=3). β-actin was used as an internal control. (B) Beas-2B cells were treated with PM 2.5 in the absence or presence of TMTU for 24 h. LC3 protein expression levels were determined by western blot analysis (n=3). β-actin was used as an internal control. (C) Propidium iodide staining for PM 2.5 -induced apoptosis was measured using a flow cytometer, with or without pretreatment of 3-MA (10 mM) and PM 2.5 (100 µg/ml). Values are expressed as the mean ± standard deviation of three independent experiments. * P<0.05 and *** part by ROS-associated mechanisms. However, the specific molecular mechanisms underlying the in vivo significance of these results remain to be elucidated. The results of the present study provide a mechanistic basis for the development of clinical applications targeting these signaling pathways for the prevention and/or treatment of PM 2.5 -induced lung disease.
